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Second harmonic generation via excitation of the surface modes
of a one-dimensional photonic crystal
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A multilayer structure is presented that sustains propagation of two optical surface waves, one at the fundamental
frequency and one at the second harmonic frequency, with the same effective refractive indices at both frequencies.
Phase matching of these two surface waves and localisation of the field maxima at the layer boundaries allow us
to observe generation of the second harmonic, despite the fact that the structure is composed of centrosymmetric
materials, for which the second-order nonlinear susceptibility vanishes in the electric dipole approximation.
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1. Introduction

To describe nonlinear optical effects, optical polarization
of a medium P is usually expanded as Taylor series in the
applied optical electric field strength E [1,2]:

P—yVE 4+ @B + 4B + ... . (1)

Here x'V is the linear susceptibility contributing to the
ordinary refractive index of a medium (n? = 1 + day(V);
% is the second-order susceptibility describing such pro-
cesses as sum frequency and second harmonic generation
(SHG); %) is the third-order susceptibility describing,
for example, the third harmonic generation and intensity-
dependent refractive index.

The Taylor expansion is possible because optical field
strengths are usually much lower than intra-atomic field
strengths and the nonlinear susceptibilities ¥(!) are extremely
low for i > 1. One of the ways to increase the nonlinear
susceptibility (in particular, the coefficient ¥3)) in planar
systems was proposed by V.M. Agranovich [3] and is based
on the use of hybrid organic semiconductor structures.
Agranovich showed that a considerable increase in x® can
be achieved both in strongly-coupled hybrid systems [4] and
in weakly-coupled hybrid systems [5].

Besides the enhancement of nonlinear susceptibility, for
the experimental observation of nonlinear optical effects
such as optical harmonic generation, the optimized design
of the planar structures is also important in order to ensure
phase matching of interacting waves at multiple optical
frequencies. Thus, in our study [6] carried out under the
supervision of V.M. Agranovich within his project supported
by the Russian Foundation for Basic Research, third
harmonic generation was observed in a one-dimensional
photonic crystal (PC) that sustains propagation of in-phase
optical surface waves both at the pumping wavelength of
1230 nm and the third harmonic wavelength of 410 nm.
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Phase matching is particularly important for the obser-
vation of a nonlinear signal, if the nonlinear susceptibility
coefficients are close to zero due to the symmetry of a
material as is the case, for example, for ¥(® in media with a
center of inversion. In the present work we demonstrate the
results of experiments on the second harmonic generation
in a PC composed of centrosymmetric materials. Since
the PC is designed in such a way that it supports in-phase
optical surface modes both at the pumping wavelength of
1300 nm and at the second harmonic wavelength of 650 nm,
the detection of a spatially coherent second-harmonic beam
becomes possible despite the small value of x(®) due to the
central symmetry.

2. Second harmonic generation in
centrosymmetric materials

In centrosymmetric media, SHG is strictly forbidden in
the electric dipole approximation. Because in this case
P(—E) = —P(E) in materials with a center of inversion,
then from (1) it follows that x(®) as well as all susceptibility
coefficients at even powers of E should be zero. Never-
theless, weak sources of the second harmonic signal may
occur even in such media provided that the symmetry of
system is broken and reduced. For example, Reineker,
Agranovich and Yudson [7] addressed the possibility of
SHG in a centrosymmetric matrix containing an additional
small number of charge-transfer complexes that reduce the
symmetry of the system and make x(?) non-zero.

A better known example of system symmetry reduction
contributing to SHG in centrosymmetric materials is the
presence of a medium boundary as well as of other
(internal) interfaces separating the materials, though being
centrosymmetric, but having different refractive indices.
This effect was investigated as early as in the 1960s [§]
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at the very beginning of nonlinear optical studies. Detailed
historical reviews of nonlinear optics are provided in [9,10).
SHG in centrosymmetric media is described using a
widely applicable model [11-13], in which the nonlinear
response is separated into a surface (interface) dipole
contribution resulting from the symmetry breaking at the
interface between two media and a bulk contribution from
multipoles beyond the electric dipole approximation:

Pne = Ps + Py (2)

Wherein, when the surface component Ps is proportional
to the squared optical electric field strength, then the bulk
component Py is proportional to the field multiplied by its
spatial derivatives [1,11-14]:

P, =5(E-V)E+BE(V-E)+yV(E-E).  (3)

The first two terms here correspond to the electric
quadrupole contribution and the last one corresponds to the
magnetic dipole contribution. §, 8 and yp are constants that
depend on the properties of the centrosymmetric medium.
Note that the multipole contribution (beyond the electric
dipole approximation) can be appreciable only in the case
of a high electric field gradient and that such gradients (dis-
continuities) of the normal electric field component occur
when the p-polarized wave travels through the interface
(this results from the fact that the normal component of the
electric displacement D, = ¢E, is continuous when there
are no free charges at the interface).

2.1. Second harmonic generation during
propagation of surface waves

In order to observe such weak nonlinear effects at an
interface, it would be extremely helpful to localize spatially
the radiation intensity in the vicinity of the studied interface.
Therefore, optical surface waves are widely used for the
investigation of nonlinear effects at the surface. Thus, for
example, SHG at the air-to-silver interface upon excitation
of surface plasmon polaritons along this interface was first
observed in [15] using the Kretschmann configuration.

The experimental studies of surface polaritons, here, in
at the Institute of Spectroscopy, began in 1974 following
a suggestion of VM. Agranovich, who had already written
a review on the subject [16]. Many experimental studies
in this field were carried out in the institute afterwards,
including also the studies of nonlinear effects involving
surface waves. For example, the second harmonic emitted
perpendicularly to the quartz crystal wafer was detected
upon excitation of counter-propagating polaritons along the
surface of this wafer [17]. In the experiments on a free-
electron laser the second harmonic [18] as well as the sum
frequency [19] were detected upon excitation of the surface
polaritons.

Optical surface waves in the PC used in the present work
represent a type of surface waves that are localized near
the surface as a result of total internal reflection from the
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Figure 1. Experimental setup. PC SMs are PC surface modes,
1D PC is the one-dimensional PC (not to scale).

external medium at the one side and of the presence of
PC band gap from another side. Such optical waves can
be excited both by the s-, and p-polarized radiation at the
interface between the planar one-dimensional PC and the
external medium at any pre-defined frequency and with
any effective refractive index by appropriately selecting the
thickness of two double layers and thickness of the last
truncated layer [20]. This type of surface waves was first
studied both theoretically [21,22] and experimentally [23]
in the 1970s. Excitation of such optical surface waves
was demonstrated in the Kretschmann configuration twenty
years later [24,25]. In recent years, optical surface waves in
PC find increasingly wide application for the development
of optical sensors [26-31], optical biosensors [32-39] and in
other areas [40-45].

The possibility of flexible adjustment of both the exci-
tation frequency and the effective refractive index of the
optical surface waves of the PC makes them particularly
attractive for harmonic generation. PCs for the third har-
monic generation by the p-polarized radiation [6] and for the
third harmonic generation by the s-polarized radiation [46]
have been calculated and experimentally tested by us
before. In the present work we have implemented a similar
experimental setup as shown in Figure 1 with excitation
of the p-polarized surface waves in the Kretschmann
configuration, but of course with other thicknesses of PC
layers calculated for the wavelengths of 1; = 1300 nm and
A2 = 650nm used in the present case.

2.2. Phase matching for two surface waves with
multiple frequencies

Effective nonlinear conversion requires that the interact-
ing optical waves maintain a fixed phase relationship during
propagation through the medium despite its dispersion.
Phase matching using birefringence that is often used
to compensate for dispersion is impossible in optically
isotropic materials. For a PC with nonlinear layers,
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theoretical calculations of phase matching were performed
for pump and second harmonic waves in the bulk near the
band gap edge [47]. In the present work we demonstrate
a one-dimensional PC that supports propagation of optical
waves along its surface both at the fundamental and the
doubled frequency. The advantage of such a structure is that
effective refractive indices for these two surface waves are
equal to each other and approximately equal to the refractive
index of air at both frequencies.

In the present work we used the following planar
one-dimensional PC structure: prism/(HL)*H'/air, where
H is the TiO, layer (thickness d; = 192.0nm), L is the
SiO; layer (d; = 222.1nm) and H’ is the final TiO, layer
(d3 =231.0nm). The prism was made of fused quartz.
The structure consisting of 29 TiO,/SiO, layers (with
TiO, as the first and last layers) was grown directly on
the prism base using the plasma ion assisted electron
beam vapor deposition method. Refractive indices of the
Si0,, TiO; layers and air at 2; = 1300 nm are n; = 1.48,
N =n3 =2.268 and ny = 1.0003, respectively.  This
one-dimensional PC design supporting two optical modes
at 1 = 1300 nm and A, = 650 nm was calculated using the
computer program available for free at [48].

The results of the theoretical calculation of the dispersion
of the fabricated one-dimensional PC are shown in Figure 2.
The dispersion is represented as the logarithm of the optical
field enhancement factor (ie. log,y[le/lo]) in the external
medium in the vicinity of the structure in the 1/lambda(rho)
coordinates. 1/4(p). The band gaps of the PC are shown as
dark-blue regions with the enhancement much lower than
1. Optical surface modes are shown as red curves with the
enhancement of about 100 located within the band gaps.
The angular parameter p = nysinfp = 1.01 for which the
surface mode is excited is equal to the effective refractive
index of the surface mode.

Figure 2 shows that the calculated structure has two band
gaps at 1300nm and 650 nm, and both band gaps contain
surface waves. For phase matching of these surface waves,
their effective refractive indices must coincide in some
range at the fundamental and doubled frequencies. This
is the case at p = ngsr = 1.01 (see the vertical white dashed
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Figure 2. Calculated PC dispersion for the p-polarized radiation.

Phase matching points at p = 1.01 are marked by white rhombs
and connected by a vertical white dashed line.
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Figure 3. Spectrum of the second harmonic radiation. The inset
shows a photograph of the second harmonic beam on a paper
screen made in darkness.

line in Figure 2). Therefore, when the PC surface mode
is excited at the wavelengthl; = 1300nm with p = 1.01,
generation of its second harmonic may be expected at the
wavelengthd; = 650 nm with the same effective refractive
index.

3. Experimental results

Femtosecond pulses at the wavelengthl; = 1300 nm were
generated by a parametric amplifier (Topas, Light Conver-
sion Ltd.) pumped by the radiation of a titanium-sapphire
regenerative amplifier (Spitfire Pro, Spectra Physics) at
the repetition rate of 1kHz. Signal and idler beams
were separated using a specialized wavelength separator
(Light Conversion Ltd.). After that, the signal beam was
transmitted through an achromatic half-wave plate and a
continuously variable neutral density filter (Thorlabs) to
prepare the 100 fs p-polarized pulses with the wavelength
A1 = 1300nm incident on the prism. The second har-
monic wave that had excited the surface mode at the
wavelengthl, = 650 nm was reradiated back into the prism
while travelling on the external surface of the PC as shown
in Figure 1.

Such method of phase matching on the external surface of
the SiO,/TiO, multilayer structure differs from the approach
described in [49,50], where phase matching occurred
between the fundamental mode of a conventional waveguide
(with the total internal reflection on both boundaries) and
the second harmonic of the waveguide mode from the PC,
in that both interacting modes in the former case are surface
modes located in the band gaps of different orders and both
modes have effective refractive indices close to the refractive
index of air.

The spectrum of the second harmonic radiation outgoing
from the prism is shown in Figure 3. The spectrum was
acquired within 100ms. It was recorded at femtosecond
excitation with an average power of 27mW and repetition
rate of 1kHz. This pumping wave was weakly focused by
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a lens with a focal distance of 300 mm onto the PC surface
through the Kretschmann prism. The size of the outgoing
second harmonic beam shown in the inset to Figure 3 is
about 1.5mm at a distance of 500 mm from the prism.

To ensure that the observed signal was generated in
a second-order nonlinear process, we have measured the
dependence of the power of the second harmonic signal on
the femtosecond pump power. This dependence is shown
in Figure 4 on a logarithmic scale, where the slope of the
fitting line 1s2.0 £0.2. SHG efficiency at the maximum
pumping power P = 27mW was 2 - 1077,

st

4. Discussion

Band gaps are known to occur in a periodic structure
due to multiple reflections in periodic layers that leads to
destructive light interference. Standing optical waves with
the same wave vector and, consequently, with the same
period of the standing wave in such media can have two
mode configurations: one configuration, when the standing
wave forms an optical field with maxima in layers with the
higher refractive index and the other configuration, when
the standing wave forms maxima in layers with the lower
refractive index. The difference in the refractive indices
of these two configurations means that they have different
energies and, consequently, different frequencies (for the
same wave vector), i.e. a gap occurs on the dispersion
curve of the bulk mode — and this is how the forbidden
frequency band is formed in the spectrum. This effect is
graphically illustrated in figures in [51].

It is important for the present case that, though light
propagation at frequencies in the band gap is forbidden,
optical surface waves can nevertheless exist within the
band gap. Consequently, when the surface waves are
excited in the vicinity of the band gap, they will have
field strength maxima at the interface between the layers
with high and low refractive indices, rather than within
these layers. The main field strength maximum will be
localized at the external boundary and the other maxima
will be located on the interfaces of the centrosymmetric
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Figure 4. Dependence of the power of the second harmonic
signal on the pump beam power (circles). Solid curve — linear
approximation of the experimental points on a logarithmic scale
with a slope of 2.0 £ 0.2.
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Figure 5. Spatial distribution of the tangential and normal
components of the p-polarized optical field for 4; = 1300 nm at
p = 1.0L

media inside the PC. Moreover, for the p-polarized wave,
the normal field component will have discontinuities on
all interfaces, i.e. near these field maxima. Therefore,
besides the electric dipole contribution to the nonlinearity
(the term Pg in (2)) resulting from the symmetry breaking
on interfaces, in such a system, according to equation (3),
contributions can also appear from multipoles that are
proportional to the field gradient multiplied by the field
strength. The field structure in our PC upon excitation
of the surface resonance at p = 1.01 for 1; = 1300 nm is
shown in Figure 5. Discontinuities of the maxima of the
normal filed component on all interfaces are clearly visible.
Quantitative estimation of different contributions to SHG
from equations (2) and (3) in such a system requires a
separate study.

5. Conclusion

Second harmonic generation was demonstrated using
optical surface modes of the one-dimensional PC, where
the fundamental and the second harmonic frequencies are
in resonance with the corresponding optical surface modes.
Three key properties of the presented PC structure increase
the SHG efficiency in centrosymmetric media (that is
extremely low otherwise):

1. near-surface localization and enhancement of the opti-
cal field due to the excitation of the optical surface wave;

2. phase matching between the first and the second
harmonics of the optical surface waves, when they have the
same effective refractive index that is close to 1 (ie. close
to the refractive index of the external medium — air in our
case);

3. field maxima and gradients are localized on the
interfaces between the layers of centrosymmetric materials.

Thus, we have developed a multilayer structure that
allows one to routinely obtain the second harmonic signal
from interfaces between centrosymmetric media. Such
structure can be used for experimental verification of
polarization and anisotropy of two-dimensional materials
deposited onto its surface.
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